The Spanish Central System is a Cenozoic pop-up with an E W to NE SW orientation that affects an the crust (thick-skinned tectonics). It shows antifonn geometry in the upper crust with thickening in the lower crust. Together -with the Iberian Chain it constitutes the most prominent mmmtainous structure of the Pyrenean foreland.
divide that separates two large Tertiary basins, the Duero Basin to the north and Tagus Basin to the south. It extends in a roughly ENE-WSW direction for more than 300 km with peaks reaching more than 2500 m. Together with the .AJfI"" Strll<e· s.; p ~ FauH Sierra de Gala, near the Spanish-Portoguese border, and the Estrela and MontejWlto mOWltain ranges in Portugal, it forms a stepped ("en echelon") system of NE-SW basement elevations, producing a topogmphic high that runs for more than 700 km, from the Atlantic Ocean to the western border of the Iberian Chain, where ENE-WSW morphostructures interfere with the main NW -SE striking stroctores of the chain (Figs. 1 and 2) .
The range, in pre-Plate Tectonics times, was described as a sort of giant vault or horst standing between two subsiding "interior" basins (Bergamin and Carb6, 1986) . Thereafter it was assumed to be bounded by two main crustal-scale normal faults, despite evidence of some thrust faulting at its borders (e.g. Birot and Sole-Sabaris, 1954) . Later a relationship with far-field stresses was established in the context of the Alpine compressive deformation in the interior of the so-called Iberian Plate (Vegas and Banda, 1982) . In recent literatore there is general agreement that this basement uplift is a thickskinned double-vergence (pop-up) intraplate range built as a result of polyphase evolution (Vegas et aI., 1990; Ribeiro et aI., 1990; De Vicente et aI., 1996 
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Topography. There is geological evidence of intense neotectonic (plio-Quaternary) activity, although instromental seismicity is currently low and nucleated on Cenozoic structures. The active tectonic setting, good surface exposure and availablility of extensive geological and geophysical datasets render central Iberia an excellent setting for studying the interaction of deep crustal deformation dyamics and surface processes. This topic is the main focus of this paper in which the tectonic origin and evolution of the relief of the chain will be discussed. For this purpose all data have been compiled in a multidisciplinary context, covering crustal geophysics, structural and sedimentary basin geology, stress and strain reconstruction, denudation history from AFT, source-fill relations based on sedimentology.
Tectonic setting
The topographic elevation of the Central System emerges above two high plateaux developed indistinctly on the Tertiary continental sediments of the Duero and Tagus Basins and on the Palaeozoic rocks of the Iberian Massif (Figs. 2 and 3 ). The contact with these plateaux is always a major thrust fault (Variscan basement over Cenozoic sediments), currently defmed as the Northern and Southern Border Faults, which clearly indicates the compressive origin of this range (Fig. 4) .
Several morphostructural differences support the idea of a tectonic-based division of this interior chain into two segments or sectors that broadly correspond to the Gredos and Paramera sierras to the west and the Guadarrama and Somosierra ranges to the east (De Vicente, 2004) (Fig. 3) .
The Gredos-Pammera sector, or western sector (Fig. 3) , is formed by three E-W mountain alignments, the Mingorria sierra to the north, the above-mentioned sierras of Paramera in the centre, and Gredos to the south, corresponding to sort of pop-ups, with a minor wavelength, in the interior of the main basement uplift. The three ranges are flanked by three associated narrow E-W intrarnontane depressions (pop-downs), Ambles, Alberche and Tietar, partially filled by Tertiary and Quaternary sediments. This western sector contains the highest peak (Almanzor, 2592 m) in the southern Gredos pop-up and is separated from the Sierra de Querol, 1989) . However, plenty of data is available from gravity studies, as well as from rheological models (Mezcua et aI., 1996; Tejero et aI., 1996; Tejero and Ruiz, 2002; G6mez-Ortiz et aI., 2005) allowing study of the crustal structure ofthe Iberian Block to be approached by integrating gravity maps (Bouguer and isostatic residual gravity) with rheological models.
In the following sections we will describe the gravity and topographic data used in this study. The crustal density distribution of the Iberian interior is inferred from the Bouguer gravity anomaly, because of the strong reverse correlation of Bouguer gravity and topography an isostatic analysis is required to remove the gravity effects ofthe Central System mountain roots.
Our isostatic analysis includes a crustal thickness map based on the Airy model of isostatic compensation and an isostatic residual gravity map of the same model.
Finally two cross-sections of 2 and 1/2D gravity models of the Central System have been made to quantitatively constrain the crustal density structure of this intraplate range.
Gravity data analysis
The Bouguer gravity field ( . Arrows show the gradients associated with the main Alpine thrusts in the Central System and Toledo Mmmtains. Gravity data are from IGN (Mezcua et al., 1996) and ENRESA. Location of modelled gravity profiles of Egs. 6 and 7 are also shown.
processing and topographic reduction of the gravity field can be found in the final report of the PRIOR project (De Vicente et aI., 2005a,b) .
The density used for the station complete-Bouguer reduction was 2670 kg/m3 The data were homogenized and linked to the ISGN 71 gravity datom. Topographic reduction was achieved by approximating topographic masses with polyhedrons within a radius of 167 km. Data errors were assumed to be less than 2.10 5 mls 2 (2 mGal) ( Table I) .
The topographic data ( Fig. SA) used for gravity reductions and isostatic investigations are based on the GTOP030 data (D.S. Geological Survey, 2000) , with additional data from the SRTM topography mission from NASA.
Bouguer anomaly map
The Bouguer gravity field of the Iberian interior varies between -132 and +34 mGal. This difference of 166 mGal indicates large-scale variations in the crustal structures within the area. It should be emphasized that negative values of the Bouguer anomaly are distributed over almost all the surface of the Iberian interior, except in the southwest zone where high-density igneous and metamorphic rocks crop out. Some of the gravity anomalies shown on this map can be assimilated with mapped geological bodies at surface; nevertheless, in other zones this relation is no longer so clear, as it is masked by the distribution in depth of the isostatic roots supporting the topography.
In contrast to clearly marked Variscan trends, the main Alpine characteristics of the Bouguer anomaly map (Fig. 5B ) are a series of NE to SW trending gravity highs and lows, separated from each other by high gradient zones along the same direction, that correspond geologically to major Alpine thrusts (Mufioz-Martin et aI., 2004) . From those which have a pronounced amplitude and extension, it is possible to identify the northern and southern borders of the Spanish Central System, as well as the northern t!trust of the Toledo Mountains (arrows on Fig. SB) .
lsostatic analysis
In order to explain the isostatic behaviour of the central Iberian lithosphere, we have considered the three 4 Mantle main models of isostatic compensation. In two of them, the Pratt-Hayford model (Hayford and Bowie, 1912) and the Airy-Heiskanen model (Heiskanen and Moritz, 1967) , the compensation mechanism is local, whereas Vening Meinesz (1939) proposed a model taking into acCOWlt a regional mechanism of compensation. As the main objective of this study is to characterize the Iberian interior geologically, rather than to investigate the most appropriate model of isostatic compensation, we have selected the Airy-Heiskanen model for its ease of calculation and the good results obtained in continental areas (Simpson et aI., 1986; Alvarez et aI., 2002) . Previous studies dealing with the Airy isostasy ofthe central Iberian Peninsula already indicate that the Spanish Central System is in local isostatic equilibrium (Stapel, 1999) . Evidence for this is that some of the greatest elevations correspond to the observed Bouguer gravity minimum values across the Alpine range (Fig. SB) . For this study, a more detailed database of gravity stations and topographic height data was available, which makes a re-evaluation of the isostatic state of central Iberia possible.
Airy Moho mop
The Airy Moho map shown in Fig. SC has been calculated for the known topography. The Airy root, T(x), was calculated using the formula: (I) where Te is the normal crustal thickness, Pt the density of topography, !:J.p the density contrast between the lower crust and the mantle, and hex) the topographic height. A description of the most appropriate values for these parameters can be found in Mufioz-Martin et al. (2004) . These values are consistent with previous seismic crusta! studies of Iberia (ILffiA DSS Group, 1993) .
The Airy Moho map shows crustal thicknesses ranging from 30 km to 34 km in the Iberian Block, with the greater crustal thicknesses occurring in the Central System and the Leon Mountains. It also fits well with the values proposed for the Central Iberian zone (I3ergamin and Carb6, 1986) . These two chains, as well as other minor ranges (SerradaEstrela, Guadaluperange, SierraMorena) present an anisotropic character, with a clear elongation aligned in a NE-SW direction, perpendicular to the present active tectonic stress field (C1oetingh and Burov, 1996) . These crustal thickening zones present a high relationship between amplitude and wavelength, unlike other thickened inner zones, like the Iberian MOWltain range, which present a more circular character and greater wavelength (Salas and Casas, 1993) .
lsostatic residual anomaly map
The isostatic residual anomaly map in Fig. 5D is obtained by removing the isostatic correction from the Bouguer anomaly. The isostatic correction reflects the gravitational attraction of a crustal root Wlder a topographic load. This isostatic correction or isostatic regional field (Jachens et aI., 1989) has been calculated following the method of Simpson et al. (1986) , which is based on the "Parker algorithm" (parker, 1973) .
The Airy isostatic residual anomaly map (Fig. 5D ) shows the differences between the measured Bouguer anomaly and the isostatic gravity field. The main residual anomalies have maximum amplitudes with a range of between -55 and 62 mGal. This map contains long wavelength anomalies that can be related to the absence of isostatic balance, or to the existence of other mechanisms of non-local compensation (regional compensation). The greatest gravity gradient is located along the Southern Border Fault of the Spanish Central System. There are also two long wavelength negative anomalies that can be clearly seen at the edges of the range. These negative anomalies correspond to the Duero and Tagus sedimentary basins and can be associated with high sediment thickness, the flexural behaviour of the lithosphere through topographic loading and the presence of horizontal tectonic stresses (Van Wees et aI., 1996; Andeweg et aI., 1999; Stape1, 1999) . The negative anomaly of the Duero basin presents a smaller amplitude, probably due to the greater strength of the crust in this zone, as suggested by rheological models (Tejero and Ruiz, 2002) .
The shorter wavelengths are not related to the compensation mechanisms, but to geological bodies with density contrast located in the uppermost kilometres of the upper crust (Van Wees et al., 1996) . The good correlation between short wavelength isostatic residual anomalies and geological bodies suggest that the upper crust is the origin of additional masses that cause deviations from isostatic equilibrium and possibly trigger subsidence and uplift processes. This is probably the case, for example, in the central sector (Guadarrarna) of the Central System, where negative values suggest uplift, this being in agreement with previous geological data (De Vicente et aI., 1996) and thermocronological studies (De Bruijne and Andriessen, 2002; Ter Voorde et aI., 2004) .
Within the Iberian foreland there is an interference pattern of gravity anomalies related to NW -SE to E-Wtrending Variscan structures and the NE-SW-trending anomalies related to Alpine contractional structures.
Spectral analysis of gravity and topography
Results from spectral analysis of gravity and topography indicate the existence of a dominant wavelength of 200 (±50) km in both the topographic and gravity undulations along profiles A and B (F ig. 6). The gravity power spectra also show a large wavelength of at least 500 km, which probably reflects the high average base level elevation of Iberia, with a steep contrast at its borders. These characteristics of the signal spectra have been interpreted as a process oflithospheric folding in response to Alpine tectonics. The presence of different wavelengths in the gravity and topographic signal may be related to mechanical decoupling of the lithosphere. Short wavelengths are related to crustal folding controlled by the elastic thickness of the lithosphere and previous mechanical discontinuities (Cloetingh et aI., 2002) .
Gravity modelling
To analyse the Alpine crust structure of central Iberia, and especially that of the Central System, two gravity models were developed in 2+ 1 /2D cross sections (Talwani and Heirtzler, 1964; Won and Bevis, 1987) , perpendicular to the main structures and subparallel one to each other ( see the Betic MOWltain chain), the Toledo MOWltains, the Tagus Tertiary Basin, the Central System (Guadarrarna), the Duero Basin and the S edge of the Cantabrian MOWltains, and the two main zones of high gradient bordering the Central System, as well as both absolute gmvity lows in the interior of the peninsula. b) Profile B: (F ig. 7B) It begins to the S of the limit between Sierra Morena and the Guadalquivir Basin.
It then crosses the Guadalupe range, the Central System (Gredos), the Gala range, the Duero Basin, the Leon MOWltains, the Bierzo Cenozoic basin and the Ancares range.
Both models have been adjusted, using the abundance of geological and structural information (Vem, 2004) , seismic and borehole information (Racero, 1988; Suriiiach and Vegas, 1988; Querol, 1989) , as well as the crustal thickness deduced from the isostatic analysis previously described. AbWldant seismic information 
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Distance (km) (ILHIA, IBerseis) that exists for the areas bordering central Iberia allows us to further constmin the crustal structure. Regarding the regional character and the extension of the models, lithologies have been simplified and grouped into 8 principal units. The density values used appears in Table 1 . The accumulated error is 1.50 mGal for model A and 1.77 for model B.
Both models show a series of large wavelength Wldulations in the Moho surface, indicating a synfonn Wlder the Central System, and two descents towards the S (Betic Mountain chains) and the N (Cantabrian MOWltains). Minor folds appear over these Wldulations in the upper crust, and their flanks are usually cut by large thrusts. The most important upper crust antiforms are: the Central System, the Toledo MOWltains, the Guadalupe Ramp, the Leon MOWltams, the Ancares and the Sierra Morena. In the upper crust sync lines, tertiary and quaternary basins have developed.
Discussion of the gravity models of the Central System
The Central System is clearly defined by a gravimetric minimum of large wavelength that presents a relative asymmetric maximum in its central part. This feature is more accentuated in model A (Eastern Sector) than in B (Western Sector). These are associated with two added effects: On one hand, with a Moho downwarping that leads to an increase in upper crust thicknesses of up to 3-4 km, and on the other, with the close presence of the main Duero and Tagus depocentres, where there are more than 3000 m of Tertiary sediments. The Central System nucleus is an asymmetric maximum that suggests an elevation of the upper crust by means of crustal-scale faults, and a ductile thickening of the lower crust. This block of raised upper crust presents a ramp geometry converging to the N with two principal steps on its N edge, and another two at the S edge. Thrust offset at the S edge is greater than in the N. In model B, though the structural style is maintained, both the number of steps and the vertical offset change, are lower than those at the S edge of model A. This is in agreement with a relatively low volume of sediments in the basins. The gravimetric reflex has a smaller minimum extent and shows a few gradients of lower magnitude.
The Toledo Mountains (Fig. 2 ) present a significant low angle thrust at their N edge, with a decreasing offset towards the W (Model B). In Model B, the equivalent structure of the Toledo Mountains S edge is the Guadalupe Ramp. Both systems form the axis of a smooth crustal-scale antifonn with a large wavelength over a small area that mimics that of the Central System towards the S (Fig. 2) . This series of structures appears in continuity with the "bulge" of the Tagus Basin (towards the W), and in general terms can be related to the S border thrust of the Central System and to an increase in the thickness of Cenozoic sedimentation towards the E.
An interesting point is the occurrence of consistently lower values for the crustal thickness (excluding Cenozoic sediments) of ca 30 km in Profile A compared to crusta! thickness values of ca 33 km in Profile B.
Macrostructural description
Central System Range
As previously stated, the Central System can be divided into the following tectonic units (De Vicente, 2004) : From East to West, the Iberian Chain link area (Transitian Zane); Somosierra and Guadarrama (Eastern Sectar); Gredos and Paramera (Western Sectar) (Fig. 3) . (Fig. 8) The northwestern end of the Castilian-Valencian Branch of the Iberian Chain is characterized by the presence of a series of folds with similar NE-SW axis trend to those of the Central System, with an "en echelon" pattern and a wavelength of less than 10 km. Southerly vergence (Riba de Santiuste, Sigiienza, NE corner of Fig. 8 ), related to basement thrusts in the southern flanks (fault propagation folds), are also visible. These compressive structures appear to be limited by the Barahona Faults System to the north and by the Somolinos Fault System to the south, both with Iberian trends (NW-SE) and with a clear right-lateral strike-slip movement (Fig. 3) . The latter has tmditionally been considered to be the limit between the Iberian Chain and the Central System. Taken as a whole, these structures define a transpressive shear zone that seems to end against the Northern thrust ofthe Central System in the Sepulveda-Honrubia uplift (Fig. 3) . The Somolinos Fault also shows a clear reverse component, especially where it runs in a more ESE-WNW direction, as in the restraining step-over of Sierra de la Pela (Fig. 3) , where In addition this transpressive zone (Barahona-Somolinos faults system) also borders a triangular zone within the Central System that is limited to the west by another transpressive zone (Tortuero backthrusts), in this case with an N-S trend and left-lateral strike-slip movement up to the Somosierra Pass Fault (Figs. 3 and 8 . see also Fig. 11 ). The intersection of both transpressive zones constitutes the N vertex of this triangular zone, the S side of which corresponds to the northeastern edge of the Tagus Cenozoic Basin. This limit is formed from a series of imbricate basement thrusts (Tamaj6n Imbricate Thrusts) and fault propagation folds that affect the Mesozoic-Paleogene cover of the Basin edge, showing clear tectonic transport towards the SE (Fig. 8) . This triangular zone has a deformation gradient with increasing shortening from the N vertex to the S border, giving the tightest structures of the whole Central System, with wavelengths around 5 Km. This seems to indicate the presence of a shallow detachement in this S basement sector, probably favoured by the Variscan structure. In the Hiendelaencina Massi~ the main Variscan schistosity is subhorizontal. These dips in the schistosity appear forming a type 1 fold interference that is reflected in the general dome structure of the massif within which strikeslip fuults predominate. Later folds have a NE-SW orientation and produce interferences of similar wavelengths to those of the Alpine pop-ups and imbricate thrusts of the S edge, which are clearly related (RooIiguez.Femandez, 1990) . Thrust orientation (N80E) is somewhat different from that of the rest of the Sedge (N60E), and appears as a continuation of the ENE band, that extends up to the Ambles Basin towards the west (Fig. 3) . Laterally, thrusts progressively become oriented N-S in the western limit (Tamaj6n zone), and ENE-WSW in the area of contact with the Iberian Chain, reducing its vertical displacement at the same time.
Transition Zone (The Iberian Chain link area)
In the northeastern corner of the Central System, the imbricated thrust systems of Tamaj6n in the S and SepUlveda in the N present very similar structural characteristics and tectonic tertiary evolution (Figs. 8 and 9), though in the latter case tectonic transport is towards the NW and does not show Pliocene activity, as it does to the S. The SepUlveda imbricate thrust zone (F ig. 9A), a Mesozoic cover folded zone, ends towards the NW, close to the Honrubia massif; along the Northern Border thrust of the Central System, where the basement outcrops again. The basal detachement surface of the imbricated structure should be located in the upper crust (De Vicente et aI., 1996; Van Wees et aI., 1996) . The gravimetric gradient along the Northern Border thrust of the Central System is similar to that of the S, indicating that this more shallow thrust system joins another deeper structure as in the NW (Fig. 9B) . The vertical offset of these thrusts increases towards the S, up to the Northern Border of the Somosierra Thrust, with about 1000 m of minimum vertical displacement. The major topographic gradient is located N of Somosierra and related to this fault which, because of its length, must be probably rooted deep in the upper crust. The Wldetached cover folds present a smooth plunge towards the NE, before disappearing under the tertiary sediments of the Ahnazan Basin (F ig. 3), which can be considered as thick-skinned piggy-back basin of the Cameros-Demanda N Thrust (Guimera, 2004) .
This area shows clear strain partitioning and can be considered as the NW end of the Somolinos-Barahona right-lateral fault system (Fig. 3 ) along which pure strike-slip and thrust faults (Fig. 9A , B, C, D) arranged in a series of restraining bends develop.
On both sides of the Somosierra Pass Fault (Fig. 3) , N-S shortening predominates. In the Variscan basement, a later deformation stage, D5, is defined (GB Taja et aI., 1985; IGME, 1990) , which folds all the earlier structures, without schistosity development, by means of large E-W folds. In many cases, it is the cause of regional immersion changes in the N-S Variscan folds, as in the Maj aelrayo syncline and produces a type 1 interference pattern. Given the intensity of Cenozoic deformation, it is probable that this D5 stage is indeed of Tertiary age (Fig. 10) .
Eastern Sector (SomosielTa and Guadarrama)
The intermediate sector of the Central System includes the Guadarrama and Somosierra sierras, as well as other series of minor reliefs associated with the thrusts along the N and S edges (Fig. 3) . The Somosierra consists of a pop-up that loses height where it makes contact with the Somolinos Fault. In this sector the major vertical offset corresponds to the N thrust of the Somosierra pop-up, opposite to what occurs with the Sepulveda imbricate thrust system (no morphological offset), and constitutes the morphological limit of the Central System. Towards the S, the Somosierra Pass Fault delimits two different zones: to the E, the alreadymentioned Tortuero backthrusts transpressive zone, and to the W, a relatively depressed area with fewer topographic contrasts (Fig. 11 . see also Fig. 8) .
The Tortuero area, on the S edge, is particularly representative of Alpine deformation style and basement accommodation. The S border thrust does not reach the surface, and a large N60E fold propagation fault can be established from land-cover cartography (Fig. 8) . This structure is cut by two Northward verging backthrusts (F ig. 11 ). Its orientation progressively changes to N-S, constituting the southern end of the Somosierra Pass Fault. From this geometry and from inversions of fault slip data, tectonic transport towards NI50E can be deduced. However, to the N of Tortuero, a series of throsts with N vergence appear to end at the N Somosierra thrust. The horizontal separation between these structures decreases from N to S. The Atazar backthrust, which appears immediately to the N of that of Tortuero, duplicates the periclinal termination of the Variscan anticline of El Cardoso (IGME, 1990), enabling its reverse offset to be estimated at 1750 m (Fernandez-Casals and Capote, 1970) (Figs. 3, 8A, 11 ). This vergence pattern indicates a main concentration of SE tectonic transport on the Southern Border thrust, and a much more dispersed deformation in NW tectonic transport structures, which developed close to a S thrust. The distribution of this deformation is in agreement with the deep structure deduced from gravimetric profiles (F ig. 7 A) and from sedimentary infilling of the Duero Basin (see below). In the eastern termination of the S border Pennian conglomerates crop out along its trace (Sopena, 1979) , leading the idea of the post-Variscan origin of this fault. The evident relation between the topography and the geometry of this backthrust system (and that of the Somosierra pop-up), makes cartography possible, even where it cuts into two homogeneous and slightly competent basements (F ig. 12B). On the other hand, the accommodation of the Alpine deformation in 41 " the basement is more appreciable, as in the Valdesotos area (Figs. 8 and 12 ) that can be used as a key to interpret the Cenozoic dynamics of the whole Central System (see Fig. 12A , B, C, D, E and paleostress discussion below) (Olaiz et aI., 2004) . In the cases ofthe Sepulveda and Tarnaj6n imbricated thrusts, the subhorizontal schistosity operates mechanically in a very similar way to the cover. Nevertheless, here the Variscan schistosity is subvertical, which facilitates the left-lateral strike-slip movement, but not the development of fault propagation folds. In this case only reorientations and metric kink folds are appreciated, with the same vergence close to that of Alpine throsts (Fig. 12B, E) .
Towards the west, at its contact with the Guadarrama, the Somosierra pop-up gives way to a more complex structure consisting of two pop-ups separated by the Lozoya pop-down which contain the major topographic highs in the intermediate and eastern sectors of the Central System. To the south N70-80E structures appear. The pop-down of the Upper Manzanares is one of the most noticeable (Fig. 3) .
The S border, west of the Somosierra Pass Fault, presents the most characteristic trend of the Central System: N60E. The contact with the Tagus Basin is very clear and almost straight at higher levels. It extends as far as the Sierra de San Vicente in the southern part of Gredos (Fig. 13A) , and corresponds to one of the most important gravity gradients in the whole Iberian Peninsula (Fig. 5B ). A seismic profile shows a reverse fault geometry with a vertical offset of more than 3000 m (Querol, 1989; Fig. 16 ). The scanty relief of the Fig. 10 . Large radius (smooth) folds in the Variscan structure (Gil Toja et al., 1985; 10MB, 1990) , that are here intetpreted as fanned during Cenozoic times. To the N of the S border fault there is a backthrost that forms a 10 km wide pop-up, which also continues to the Sierra de San Vicente, though here the topography is slightly more pronoWlced. This structure is segmented by NllOE right-lateml and N20 left-lateral faults, that progressively change their orientation into the pop-up edges, to connect with the N60E thrusts, resulting in a zigzag appearance from where a very constant shortening direction can be deduced: NI50E (F ig. 13).
The most important topographic step of the southern border is located to the east of the Upper Manzanares in the Guadarrama, N of the El Escorial Fault. It constitutes · o· ~.
: ~ ". the limit of a N30E left-lateral transpressive pop-up, formed by Variscan contacts between the granitic intrusions and the metamorphic massifs. This set of NNE faults continues N-S towards the west as far as the El Herrad6n Fault, one of the most spectacular in the whole Central System (Fig. 3) .
D Lower
The N edge of the intermediate sector, west of SepUlveda, continues to the pop-up of Santa Maria la Real de Nieva across a series of unconnected outcrops. As a whole, the N edge forms an arch that indicates a NW tectonic transport direction (also deduced from inversion of fuult slip data) (F ig. 3). Its mOlphology is much less marked than that of the S edge, developing an erosive surface towards the Duero Basin, which has levelled much of the tectonic structure of this edge. However, it is also a clear gravity limit, similar, though slightly less so, to that of the S edge. The relief does not recover up to the Guadarrama pop-up. As in the Sepulveda area, a series of imbricated thrusts characterize this edge. It is segmented by Nl40E and NNE strike-slip faults.
Western Sector (Gredos)
The name Gredos is used to defme the western segment of the Spanish Central System, though, strictly speaking, it corresponds to one of the ranges of mOWltains in this geographical division. Its general structure is simpler than that of the intermediate and eastern sectors, which is probably due to more homogeneous basement materials, consisting of granites (Figs. 3 and 13) . As a whole, it forms an 80 km wide pop-up, which is subdivided into four secondary popups (San Vicente, Gredos, La Paramera and Mingorria) with a width of 10-20 km that limit tbree straight popdowns (Tietar, Upper Alberche and Ambles). These mOWltainous high plateaus are aligned in an E-W trend, except on the S edge of San Vicente, which presents a NE-SW direction. Laterally, the Gredos pop-up is liruited to 1I1e east by a NE-SW alignment of the El Escorial Sierra Faults system, and to the west by another NE-SW Sierra (the Sierra de Avila), which contains the large Plasencia dike that forms the depressed alignment ofthe Jerte valley (NE ofPlasencia Fault) (Fig. 3 ). It can be considered a long restraining bend of the Plasencia left-lateral fault. This strike-slip fault is orientated in the same direction as the Southern Central System Thrust, and it constitutes a clear example of strain partitioning, probably developed under constrictive stresses (see below). As a whole, the NE-SW and E-Wedges ofthis western sector of Gredos fonn a parallelogram that extends in a close E-W trend with the relief increasing in height towards the S. This gives an unsymmetrical relief with an almost imperceptible N edge (only 100 m at its contact with the Duero Basin), whereas the southern limit includes the major topographic step (2100 m) on the south wall of Gredos. On the southeastern slope the vertex of the parallelogram is a lower pop-up: the Sierra de San Vicente (1300 m) (Fig. 13A ). This narrow pop-up breaks up into two relief alignments separated by the depression of the River Guadyerbas. Both of these lose height towards the SW to disappear where the Tietar and Tagus Basins join. The northern alignment limits the Tietar pop-down and is oriented E-W, parallel to the edge ofGredos, whereas the southern alignment has a NE-SW direction and represents the continuity of the southern edge of Guadarrama, that is, of the main thrust that connects the Tagus Basin with the Central System. In contrast, the N edge of the latter relief corresponds to a N vergence thrust which can be traced up to the western Toledo Mountains. Looked at in this way, the southern edge of the Centml System appears to form part of a large fractore line, from the Eastern Sector to the Guadalupe Sierra relief (Fig. 3) .
In summary, deformation appears to consist mainly of very segmented E-W structures associated with parallel and massive reliefs, and, in the case of NE-SW structures, narrower and discontinuous Sierras. Strike slip faults displace the E-W faults segments, generally with left-lateral movements, which results in a more N70-80E general trend.
Gata and Estrella SielTas
The mountain ranges of Gata (1.367 m) and Pefia de Francia (1.723 m) constitute the most western relief of the E-W alignment of centrallberia in Spanish territory (F ig. I). They correspond to a basement elevation with two NE-SW thrusts of opposite vergences (Fig. 2) . The northern thrust breaks down into two staggered segments that separate the basement of the Ciudad Rodrigo Pal eo gene basin (SW Duero Basin). Both segments appear to be part of structures that extend between Salamanca and the Portuguese frontier, with a relatively large compressive deformation. The more southern E-W thrust belongs to a fault system that produces a more complex relief when it crosses more depressed areas containing discontinuous Neogene basins (Coria, Zarza de Granadilla, Castelo Branco) that form some kind of continuity with the Gredos segment and are related to NE-SW left lateral strikeslip faults restraining bends. In contrast there is a northern thrust that, with smaller displacements, appears to be a continuation into Spanish territory of the POl1Sul Thrust (Northen Moraleja Basin (Mo), see Fig. 2 ), defined in Portugal as a reverse fault with neotectonic activity (Cabral and Ribeiro, 1989) .
This basement elevation is conditioned by E-W
structures that interfere with the dominant NE-SW faults. Standing out among these E-W structures is the thrust that limits the Sierra de Gata relief from the smaller topographical area (SE corner of Fig. 2 ). In some ways this fracture line has a longer trace, since it can be continued through the Alberche pop down as fur as the eastern border of Gredos (Fig. 2) .
To the west of Gredos, the basement deformation pattern is evidently simpler and very different from that of the easternmost segments. The Cenozoic contraction is mainly taken up by NE-SW thrusts that define a series of pop-ups of the same orientation, while the E-W thrusts appear as a subordinate fault system, although some of them are part of large alignments, which nowadays are very segmented. This pattern seems to continue towards the west up to the Serra da Estrela. Its northern border (1.993 m) corresponds to the Lousa NE-SW thrust, with a large vertical displacement and a better morphological expression of the whole Central Iberian Ranges (Fig. 2) .
Guadalupe ramp
The Guadalupe and Montanchez MOWltains, with a NW-SE trend, are the result ofa single NE-SW and E-W thrust. Related alluvial fans points out to a clear Pliocene activity (Figs. 2 and 14) .
It has less than 1000 m of vertical displacement, with a 80 km trace that connects in the SW with the E-W thrust that forms the northern border N of the Badajoz Cenozoic basin (Ba on Fig. 2) , and in the NE with the southern thrust of the Toledo Mountains, both with a S tectonic transport (Fig. 14A) . The alternation in orientation of these thrusts mimics that of the Central System. This Sierra system represents one of the areas of the interior of the Iberian Peninsula where Alpine rejuvenation relief from the previous Variscan basement is clearly evident. The highest peak of this system is the 1600 m high "La Villuerca".
In the Iberian foreland ranges, these mOWltains have a relatively simple structure: a single thrust that mises the hanging-wall block and that, given its length, appears to cross much of the upper crust, defming a thick-skin tectonic style without cover (Fig. 14B) . A series of isolated syntectonic alluvial fans (known as "mfias") appears on the depressed SE limb that merge towards the east. The deformation is very recent (Rodrignez-Vidal and Diaz del Olmo, 1994) , which would also explain why it is one of the most spectacular Alpine structures of the centre of the peninsula in satellite images and digital elevation models. In topographical profiles, rwming in a perpendicular trend to the main thrust, the typical geometry associated with a NW dipping monocline ramp is observed. Although very asymmetric it actually constitutes the watershed of the Guadiana and Tagus river basins.
The associated stresses (Alvarez et aI. , 2004) show NW-SE horizontal compression, that were able to displace not only N60E reverse faults, but also the N30E faults with more strike-slip component that segment the main thrust. In the northern border ofthe Badajoz basin, a N-S Cenozoic shortening occurs (p erez-Estalin et ai. , 2002). The recent deformation nucleation of these structures appears to have muffled those to the NW such as the Plasencia fault (Capote et aI. , 1996) . 
The Duero Basin structure
Together with the Ebro Basin, to which it is connected, this represents the Pyrenees foreland basin. It also corresponds to the foreland of the N border of the Central System. In its eastern part a series of thick-skinned piggyback basins appear (Almazim, Ay1l6n) (De Vicente, 2004) . It shows a progressive increase in basement depth and structural complexity from west to east, with more recent Cenozoic sediments also appearing in its eastern area. It is affected by basement thrusting along its borders, except the westemmost one, where Variscan rocks, at the western end of the transpressive zone of the Vilari,a-Bmgan,a faults, onlap (F ig. 2). Locally, this system of faults affects Tertiary sediments in the interior of the basin (Ant6n, 2003) . At its southwestern end, the Paleogene basin of Ciudad Rodrigo shows thrusting by the Sierm de Gala pop-up along faults with very similar trends to those appearing both in the Centml System and in the Serm da Estrela in Portugal (Vegas, 2004) . Narrow synclines are present in front of the main thrusts to the south of the Cantabrian Mountains and to the north of the Central System (Fig. 15) . The latter are aligned with the Diego Alvaro thrust (prolongation of the Northern Border Thrust west of the Plasencia fault) (F igs. 2 and 3), in front of the Santa Maria la Real de Nieva Massif that extends up to Honrubia-Sepulveda. It has a pronounced gravity signature (Fig. 5B, D) . The largest basin basement depths have their exact location to the north ofHonrubia-SepUlveda, where they reach a depth of more than 2800 m. A structure interference appears in the Palencia highlands. Basement gaps smooth out towards the west (Fig. 15) .
D Pliocene DTertiary
At its eastern end, the N edge of the Ahnaztm Basin shows deformations in the basement roof with a similar formation to that appearing on the S edge of the Cameros Unit (Fig. 15) , where it links up with the Iberian Chain. The Cenozoic sediments decrease in 41 ,
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thickness towards the S, where they are involved in the transpressive limit between the Ahnazan Basin and the Iberian Chain (Fig. 3) (Bond, 1996) .
The origin of these structures is of Pal eo gene age, as is demonstrated by the disposition of the lacustrine sediments of the Neogene infilling in the Duero Basin (Alonso-Zarza et aI., 2004), which overlaps, or is close to, the S edge of the Cameros Unit, the N front of the Honrubia-Sepulveda imbricate thrusts and the N border of the Castilian Branch of the Iberian Chain.
The Tagus Basin structure
The Tagus Basin subdivides into a central sector (the Madrid Basin), and an eastern one, to the E of the Altomira Sierra (Loranca or Intermediate basin) (Figs. 2  and 3 ). In the western area, to the S of Gredos, a narrow E-W sub-basin can also be differentiated (Campo Araiiuelo). Towards the S this is connected with the Neogene deposits of the plain of La Mancha (SE corner of Fig. 15 ), which furthermore appear to be thrusted to the S by the Betic front.
All the limits of the basin show thrusting, with some centripetal directions of tectonic transport: towards the SE and S in the Central System, towards the N in the Toledo MOWltams, towards the W in the Altomira Sierra and towards the SW in the Castilian-Valencian Branch of the Iberian Chain. In general, the basement depth displays nanow sync1ines adjacent to the chains, the most significant being the one in the eastern sector of the Central System, where Cenozoic infill reaches over 3000 m (Fig. 16 ). This is most pronounced in the Madrid and Carnpo
Araiiuelo areas. The structure of the westemmost sector of the Tagus Basin consists of an E-W pop-down between the S Gredos thrust and that of the N Toledo MOWltains, though its present morphological appearance is highly unsymmetrical, with a large topographic step in the western sector. It can be considered as the southern prolongation of the general Gredos structure, though its width is considerably more than that of the rest of the pop-downs situated more to the N (Tietar, Alberche, Ambles). Information on the distribution, thickness and age of the Cenozoic infilling, which is arkosic, is scanty, though a Paleogene age is given. The NW NW general E-W structure of this sector appears locally interrupted by others oriented NE-SW: the San Vicente pop-up in the S Central System and the monocline ramps at Lagartera and Almaraz in the Toledo MOWltains. The latter two show tectonic transport towards the NW. The S edge thrust of the Central System is interrupted by a series of right-lateral strike slip faults that separate this sector from the Tagus Basin and change the vergence of the thrust. The present drainage of the river Tagus appears to be affected by a SW threshold continuation of the San Vicente pop-up, which shows some neotectonic activity (Tagus river course is forced to erode the basement rocks of the W Toledo Mountains). The Madrid Basin shows a general increase in basement depth towards the E, though at its centre there is a NE-SW threshold. This can be intetpreted as a polyphase "bulge" developed before the Middle Miocene, since the isopachs of this unit show a different infilling geometry.
The threshold appears as a continuation of the Toledo MOWltainS, and, as a whole, forms a subparalle1 structure to the Central System. In the NE corner ofthe basin, the Paleogene sediments have been affected by folding similar to that of the south eastern end of the Central System (the area ofthe Tarnaj6n imbricated thrusts), which constitute a continuation of structure overlap towards the relative foreland, with tectonic transport towards the SE. As a whole, these are rooted in a shallow detachment, inside the Variscan basement (Fig. 8) . The western completion of these thrusts constitutes a NW-SE right-lateral shear zone, which shows up very well on the isopach maps. At present, the Madrid Basin is tilted towards the SW with a 0.5% hanging average along more than 130 km, affecting Upper Miocene lacustrine sediments. The tilting age is therefore Plio-Quaternary.
Paleoseismic structures in Quaternary terraces are abundant in the bulge area (see before). This situation seems to continue to the present day. Seismicity is relatively frequent in the central basin area, and increases towards the E and S.
Cenozoic deformation dating
Sedimentary Cenozoic in filling at the Spanish Central System borders
The nature and assemblage of the different sedimentary sequences at both margins of the Spanish Central System have classically been used to establish the erosive history of the range, as well as the evolution of its relative uplift (Alonso-Zarza et al. , 1993 ) (see Figs. 25-27 and discussion below for general background).
Paleogene in filling: Duero Basin
In the Duero Basin, Cenozoic sediments typically appear conformable on the underlying Upper Cretaceous materials, at eastern locations. They are Wlconformable over the Variscan basement in the western segment of the Central System (Le., Salamanca sandstones Fm). These materials represent the alluvial fan progradation towards the pristine NE trending axial fluvial system of the basin during the CretaceousPaleocene (Alonso- Gavilan, 1989 Gavilan, , 1996 Gavilan, ,2003 Alonso Gavilan and Annenteros, 2004) .
In contrast, the northern border of the basin was still Wldefined at that time, since subtidal environments appear in stratigraphic continuity with the Cretaceous sediments (i.e., the upper part of the Bofiar Fm; Corrochano, 1989) . Over these Cretaceous sediments, conformable fluvio-Iacustrine sediments were deposited (Aparicio et aI., 1982) . A similar situation is also recorded at the Iberian Chain margin of the basin. In the eastern sector of the Central System, the correlation of evaporitic fades between the Tagus and Duero Basins indicate that at the Cretaceous-Paleogene boundary the Iberian Range had still not been emerged (AlonsoGavilan and Annenteros, 2004).
There is evidence of activity in the NNE-SSW faults at the western border of the Duero during the Middle Eocene (Rhenanien), which gave rise to elongated thresholds and basins characteristic of strike-slip faults. At this time tectonic activity also began at the northern border of the basin (the Cantabrian Mountains range), marked by the development of basinwards prograding alluvial fan systems. The landscape shows that the southwards propagation of deformation from the southern Cantabrian thrust was very quickly. In contrast, at most eastern locations in the Basque-Cantabrian Basin the prevailing shallow marine environments continued. This is the sector to where basin drainage was directed ( eastwards drainage), (Alonso Gavilan and Armenteros, 2004) . Within the Central System a lengthened threshold limited by the North-edge fault has been recorded, which may be evidence of the initial left-lateral strike-slip movements preceding the global pop-up deformation of the whole range.
In the Ambles Basin, within the Gredos range (Figs. 3 and 13A), two coarsing upwards sedimentary sequences of Eocene-Middle Oligocene age can be differentiated (Martin-Serrano et aI., 1996) . Both sequences record the development of prograding alluvial fans, so, the activity of the northern Ambles thrusts seem to have been a later feature.
During the Upper Eocene (Headonien), the activity of the Vilari,a fault system increased (western limit of the Duero Basin), since at the western sector of the basin alluvial fans prograded over earlier marly lacustrine facies (Alonso Gavilan and Annenteros, 2004) , while at the northwestern edge, alluvial fan facies became more proximal, indicating the southward migration (relative foreland) of the Pyrenean deformation in the Cantabrian Mountain range. The overall flux of sediments within the basin continued towards the NE, where lacustrine sediments had already appeared. In the Central System, the elongated threshold related to the northern border fault disappeared, while north-facing thick alluvial wedges started to develop (e.g. the aforementioned Ambles Basin), giving rise to the generation of an associated relief along the southern Central System border, this being earlier than the emplacement of the northern-edge thrusts in the Central System.
Though not well dated, in the Ciudad Rodrigo and Alba basins (Western Duero Basin), sedimentation during the Oligocene is characterized by the progradation of arkosic fans, supplied by large braided systems oriented to the NE (Corrochano, 1980) , which may indicate a propagation of the deformation throughout the Oligocene. On this northern edge of the Central System alluvial funs had more proximal facies than those deposited during the Eocene, indicating the shifting of the deformation towards the NW, though still not affecting the northern border fault (Alonso Gavilim and Annenteros, 2004) . On the north edge of the Duero Basin, deformation shifted towards the east, with an intense activity in the Cameros Unit of the Iberian Chain that had already started during the Eocene.
Paleogene in filling: Tagus Basin
In the Madrid Basin, Amoco, Shell and Teneco Oil companies carried out seismic reflection profiling in the late seventies and early eighties. The seismic lines (Querol, 1989) give a limited resolution with depth, and as a result information on crustal structures is restricted or absent. However, the lines show in detail the sedimentary sequences that filled the basin and their This unconformity is linked to the Oligocene in the nearby El Pradillo well (Fig. 15) . At this location drilling has taken place in Late Oligocene to Lower Miocene deposits to a depth of 1450 m, but to the east (Santa Barbara), this is reduced to around 800 m. basement (35-45% quartzite, 0-7% slate and schist). However, the higher levels have a higher slate and schist content and therefore show ongoing unroofing of the Central System. These sediments are clearly synorogenic. These alluvial deposits are evidence of the onset of the earliest erosion of metamorphic materials in the Central System from the Lower Oligocene. The whole Paleogene sequence is deformed by similar tectonic structures to those operating at the southern border of the range and the adjacent Iberian Chain.
The Neogene infilling of the Tagus Basin has classically been subdivided into three main megasequences and/or tectosedimentary units: Lower, Intermediate and Upper Miocene Units (Garrido-Megias, 1982; Royos et aI., 1986) , in addition to a complicated set of Pliocene alluvial and fluvial sequences topped by complex red-soils and laminar calcretes predating the basin dissection and inversion (Alonso-Zarza et aI., 2004) . The Miocene units are composites of marginal siliciclastic wedges (of an arkosic nature at the range margin) grading to evaporitic (lower), carbonatic (upper) and mixed (intermediate) lacustrine deposits which define clear climatic and tectonic trends during this period. Middle Miocene sediments (Intermediate Unit) are unconformable deposited over earlier ones and are marked by relatively low degree of deformation. Nevertheless, the facies are more proximal than those of the Paleogene units, indicating a closer active tectonic edge, which seems to indicate the migration of active deformation towards the relative foreland of the Madrid Basin (De Bruijne, 2001 ) (Fig. 17) . From this point of view, the Miocene Lower Unit seems to be more related to the Pal eo gene evolution than to the more recent deposits.
Left-lateral activity along the southern edge of the Central System during the Paleogene (De Bruijne, 2001 ) is suggested by the occurrence of "en echelon" folding and thrusting involving Mesozoic and Paleogene materials. However, thrusts are bent, delineating arched NE-SW to N-S structures. Apparent bending can be related to the presence of oblique ramps: NW -SE rightlateral and N-S left-lateral, though this geometry invalidates any possible right-lateral displacement (Fig. 12) . The reduction of vertical displacement of both structures towards the South, where trending becomes NNE-SSW, seems to indicate a tectonic style more related to broad N60-80E pure thrusting than to transpression. Bent folds affecting Paleogene materials in the NE corner of the basin (South of the Transition Zone) display two main orientations: N60E and E-W, otherwise characteristic of the whole Central System. They present asymmetric synclines and tapered strata with increasing thickness towards the fold-axes, which is evidence of synsedimentary active folding. Three Wlconfonnable Upper Eocene-Oligocene units that are weakly affected by Pal eo gene tectonics have been differentiated in this NE sector of the basin (De Bruijne, 200 1). However, increasing upward deformation within this sedimentary sequence gave rise to an angular unconformity that can be traced through the entire Mathid Basin (intrapaleogene sedimentary rupture) (Fig. 16 ).
This evolution of the Mathid Basin from the Eocene to the Middle Miocene seems to be simplistic, with a mainly aggradational history. During this earlier period, sedimentation was dominated by the development of large alluvial fan systems prograding over large-scale inland lacustrine zones of mostly evaporitic character (salts and gypsums). Only at the end ofthe Intermediate Miocene Unit did fresh-water carbonate deposition dominate in the centml zone of the basin, though it was accompanied by complex diagenetic phenomena of dolomitization and silicification (Cafiaveras et aI. , 2003) . In this first scenario, sedimentation was mainly controlled by Central System uplift due to the Pyrenean compressive stress field (Eocene-Oligocene), which was punctuated by intervening deformation and uplift of the Iberian Chain and related thin-skinned Altomira thrusts (that separates the Mathid and Loranca Basins) to the east during the Early Miocene (Capote et aI., 1990; De Vicente et aI., 1996; Mufioz Martin et aI., 1996; Andeweg et aI., 1999) and the eventual onset ofthe NW-SE Betic compression. Thus, from the Lower Miocene Unit, alluvial fan systems became dominant in the Neogene filling of the Mathid Basin as active systems along its borderland zones, but also as controlling sedimentary environments at basin centre locations through continual progradation-retrogadation inputs.
Neogene in filling
At this time, earlier Oligocene uplift of the Central System provided the first extensive (and effective) source area. It produced the development of large drainage basins, necessary for the evolution of the huge arkosic alluvial fan systems, that characterize the Miocene infilling, not only of the Tagus Basin, but also of the Duero (Alonso-Gavilan et aI., 2004) . Nearly pure evaporitic sedimentation lasted in both basins Wltil the Middle Miocene (i.e. Vallesian), but in the Duero Basin it began to be substituted by carbonate deposition (i.e. Aragonian). In the Mathid Basin, most of the arkosic material originating from the denudation of the Central System was deposited in a growing NE-SW syncline subparallel to the front of the range. This growing sync1ine nucleated along the lithospheric flexure reactivated by the NW-SE "Betic" compression (Andeweg et aI., 1999) . In this way, increasing loading by fan deposition triggered the progressive uplift and amplification of the peripheral foreland bulge south of the Central System, which has continued from the Lower-Middle Miocene to the present. Alluvial fan deposition took place also along the Iberian margin of the Tagus Basin (Alonso-Zarza et aI., 1993), and included sedimentation at the front of the Altomira thrust range and in the Loranca piggy-back basin (Alonso-Zarza et aI., 2004). In the Duero Basin, foreland arkosic fan sedimentation during this period was mainly concentrated on the narrow synclines that developed over the frontal zones of the main thrust faults of the northern border of the Central System (Armenteros et aI., 2004), and only clayey distal fan facies surpass these intervening tectonic reliefs (e.g .. the Sta. Maria de Nieva massif). Markedly, sedimentation in the Duero Basin shifted to the east while in the Tagus Basin it became more extensive.
In the Mathid Basin the tmnsition between the Middle and Upper Miocene units is characterized by the development of a widespread erosive and fairly angular unconformity within the basin. In contrast, this sedimentary discontinuity is hardly defmed at locations on the basin margins (Alonso-Zarza et aI., 2004), which may imply that range activity was not really involved in the event. At the basin centre the Wlconfonnable horizon is clearly defined by a relevant paleokarstic surface affecting the carbonate facies (lacustrine deposits) that developed at the top of the Middle Miocene Unit (Caiiaveras et aI., 1996) . This intra-Vallesian paleokarst largely implies the occurrence of a notable lowering of the regional base level, calculated to be between 10 and 35 m for north and south basin locations respectively (Caiiaveras et aI., 2003) . In the transitional zones, ancient lacustrine centres to the western fan systems formed, and pseudokarstic processes (type-piping) substituted typical karstic processes (Pozo et aI. ,  2004) . In this sector, some of the cavities generated during this episode now constitute the Late Vallesian mammalian fossil sites, currently the only remnants of Late Neogene sedimentation in this sector of the basin.
This new geomorphological context can be related to the onset of regional flexure linked to the far-field NW-SE Betic compression (De Vicente et aI., 1996; Andeweg et aI., 1999; De Bruijne and Andriessen, 2002) or to a general isostatic rebound of all of the area that was affected by shortening in the previous stage. This complex foreland bulging allowed the generation of emergent intrabasinal reliefs subparallel to the Central System, initially nucleated along the limit between the central chemical deposits and marginal fans SW of the city of Madrid. This process led to the initiation of basin inversion since from this period the typical quasi-concentric closed basin scheme was never repeated, and dissection became more and more relevant west of the Jarama-Tagus river valley lines. This relief was later the scene of relevant large-scale collapse structures (e.g.. Los Gozquez-Valle de las Cuevas "Sync1ine", Capote and Carro, 1968; Vegas et aI., 1975) controlling the drainage patterns within the basin (perez-Gonzalez et aI., 2(04).
Collapse structures, together with the so-called intraVallesian paleokarstic surface, developed as a consequence ofthe uplift (up-bending) of evaporitic materials in the Intermediate and Lower Miocene units above the regional base level. From then on, the presence of internal topography within the basin conditioned the subsequent sedimentary environments during the Late Miocene and Pliocene. Thus, sedimentation (Upper Miocene Unit) restarted with the development of extensive fluvial systems, which crossed the entire basin from NE to SW -SSW locations, the so-called "Intra-Miocene Fluvial System" (Capote and Carro, 1968; Caiiaveras et aI., 1996) (with westward drainage, as opposed to the initial Eocene pattern). Classic intramiocene fluvial fades (red clays with sands and quartzite gravels) come mainly from the extensive denudation of the metamorphic rocks in the NE sector of the Central System (Eastern Sector-Transition Zone) which follow NE-SW paths sculpted during previous paleokarstic crises throughout the eastern sector of the basin. Recently, intramiocene fluvial deposits of an arkosic nature have been identified along the NE-SW collapse structure of Los Gozquez-Valle de las Cuevas (perez-Gonza1ez et aI., 2004; Mantes and Silva, in press) in the western sector of the basin. In fact, the karstic collapse of the ancient axis of the foreland bulge of the Central System led to the development of a linear tectonic paleovalley type (perez-Gonzalez et aI., 2004) .
The connection between this early drainage network and a primitive Atlantic drainage system (to the west), or with a pre-existing Mediterranean outlet through the ancient Betic Strait (to the South), is still an open debate (Alonso Zarza, 2004) . However, recent data on the Portuguese outlet of the Tagus (Proen,a-Cunha et aI. 
Recent sedimentary-erosion evolution
During thePliocene s.s. AFT data (see below) indicate that accelerated uplift occurred in the Central System (De Bruijne and Andriessen, 2002), while within the basin deformation continued, generating large-scale gentle surface folding into the "Pararno surface s.l." (Top of the Upper Miocene Unit). NW-SE shortening-related strike-slip faults clearly cut this unit (Giner, 1996) . Deformation took place in response to the amplification and eastward propagation of the initial forebulge, which also facilitated the occurrence of repeated karstic processes at the deformed surface. Strike-slip faults appear at the E border of the basin, restricting the bulgerelated deformation which is not reproduced in the Iberian Chain. In this scenario the NE-SW Tagus and Tajufta synclines developed during the Lower Pliocene (Ferruln. dez and Garz6n-Heydth, 1994; Andeweg et aI., 1999) , related to NE-SW normal faulting that has been interpreted as a lateral extension of the bulge (Giner, 1996) . Along these structures a new subsequent fluvial system developed, burying once more the paleokarst generated on the "Paramo surface s.s.". Incision was limited and most of the gently folded "Pararno surface" was subject to repetitive and intensive calcrete development, which also covered the Pliocene fluvial deposits in some eastern and southern locations (perez,.. Gonzalez, 1982; Sanz, 1996) . In central basin locations (e.g. at the junction of the Jararna-Tajo-Tajufta river valleys) Early Quaternary fluvial deposits overlapped the Pliocene deposits giving rise to considerable thickening of the fluvial series. Fluvial thickening occurred here as a complex feedback process in which deep-seated karstic subsidence, collapse, and repeated tectonic faulting genemted a wide range of deformational structures, including sand dikes in the uppermost fluvial terraces (see before), which clearly indicate paleoseismic events (Silva et aI., 2003; Giner et aI., 1994) . At the basin margins Pliocene and Early Pleistocene sedimentation is characterized by the deposition of coarse-grained alluvial fan systems along the northern and southern (Toledo Mountains.) borders of the basin. These alluvial formations (rafias), which are fed by metamOlphics, formed extensive alluvial platforms (perez-Gonzalez, 1982; Perez-Gonz:ilez and Gallardo, 1987) in the piedmont zone of Somosierra. To the SW (Guadarrama) the gravel formations of the "rafias" were substituted by extensive arkosic piedmonts, fed by granites, such as the ramps of Madrid, Grifion-Las Rows and Navalcamero (Vaudour, 1979; Silva, 1988) . Finally, atthe southern end ofGredos, large subsequent rivers (e.g. the Alberche and Tietar) developed subparallel to the southern border of the range, which dissected the western sector of the basin. These alluvial piedmonts were connected with, and fed by, the axial fluvial lines at basin centre locations nucleated around the main fluvial axis (Henares-Jarama-Tagus). This was also subparallel to the Central System and was captured by the primitive Atlantic dminage system (Martin Serrana, 1991 ) .
This situation continued up to around the LateMiddle Pleistocene boundary, and eventually came to an end following a major collapse event at the centre of the basin, which led to the incision of all the fluvial valleys and the generation of lineal marginal cliffs up to 60-80 m high (Silva et aI., 1988a) . In all cases, these valley cliffs are carved on evaporitic (mainly gyp sums ) Miocene facies and it is common to observe strata bending, collapse and faulting. This event, probably caused by uplift and amplification of the Central System "foreland bulge", promoted river valley underfit (i.e. deep vertical incision and capture) due to the competitive development of the rivers within the uplifted intrabasinal sectors (Lazaro-Ochaitia and Asensio- Amor, 1980; Silva et aI., 1988a Silva et aI., ,b, 1999 . The most significant example is that of the Manzanares river valley (south of the city of Madrid) which was captured by the Jarama Valley, leaving its ancient valley (the Prados-Guaten Depression) abandoned at the centre of the basin since the Middle Pleistocene (Silva et aI., 1988b , 1999 . During this period, fluvial capture processes were also important along the southern border of the Central System, related to fault activity (Yidal Box, 1944) . The evolution of Middle Pleistocene to Holocene valleys within the basin was determined by the generation of overlapped fluvial terraces at its centre, where thickened fluvial deposits, some more than 20 m thick, are found in the linear valleys of the Jarama, Manzanares, Tajufia and Tagus. This shows a variety of soft-sediment deformation structures that are similar to those observed in the upper terrace levels and are once more intetpreted as paleoseimites (Silva, 1988; Giner et aI., 1996; Silvaet al., 1997 Silvaet al., , 2003 Silva, 2003) . In contrast, fluvial terraces developed on the marginal Miocene and/or Pliocene detritic facies have the typical staircased arrangement of repeated strath terraces. This data suggests that terrace thickening, lineal valley development, and in general all the neotectonic features reported for the Madrid Basin originated as a response to the eastward propagation of the polyphase forebulge of the Central System, locally amplified by the collapse of evaporitic materials.
Paleoseismic structures in Quaternary terraces are abundant in the "bulge" area. This situation seems to continue up to the present day. Instrumentally registered seismicity is relatively frequent (see before).
The Late Miocene to Pliocene evolution of the Duero Basin is not as well documented as the Tagus Basin, but similar Middle lacustrine and Upper fluvio-Iacustrine Miocene units also developed in this basin (Annenteros et al., 2(04). However, the basin infilling does not record relevant unconfonnities or paleokarstic surfaces and its recent evolution seems to be more simplistic and with less neotectonic activity. Sedimentation from the Vallesian (Late Miocene) is concentmted in the easternmost sector of the basin (Somosierra) overlapping the Northern Border Thrust (Sepulveda area), while that of the western sector remains obscure. Some authors (Mediavilla et aI. , 1996) relate the fluvio-lacustrine Upper Miocene Unit with the initial stages of dissection within the basin 10 to 5 Ma ago. At the same time, "rafia-type" piedmonts from the Pliocene s.l. are also abundant in the western sector of the basin (Malina and Armenteros, 1986; Martin Serrano, 1991) , but further fluvial development and dissection has clearly taken place. In relation to the Northern Thrust west of the Plasencia Fault (Figs. 2 and 3 ) and the HonrubiaSepulveda area only limited processes of fluvial piracy and active gorging occurred (Femandez and Garz6n-Heydth, 1994) . As Atlantic dminage seems to have started earlier in the Duero Basin than in the Tagus Basin (Ant6n, 2003), the result of this different erosive pattern is that almost all rivers in the Variscan basement of the Central System dmin towards the S (Tagus). The explanation for this must be either a very different distribution of external climate-erosive processes or more intense recent tectonic activity in the S.
Apatite Fissian Track (AFT) analysis
Spontaneous fission of 238U creates damaged zones in the crystal lattice (Fleischer et aI., 1975) of apatite with an initial length of 15.9 to 16.5 flm (e.g. Green et aI., 1985) . The resultant fission tracks are shortened in a process called armealing (e.g. Naeser, 1979 ) at a rate dependent on the ambient temperature, the composition of the apatite and to a lesser extent on time. At temperatures of -110 to 120 °C, tracks anneal completely over geological time. In the temperature range -110 to 60 (+-10) °C, referred to as the partial armealing zone (PAZ; Wagner et aI., 1979; Gleadow and Fitzgerald, 1987) , track lengths are shortened and, as a result, fission track ages are reduced. Fast cooling through the PAZ results in a narrow track length distribution with a mean track length >=14 J.lffi (Gleadow et aI., 1986) . A broad track length distribution with a mean track length < 14 J.lffi is indicative of a slow or complex cooling history. The thermal history of a sample can be modelled using an optimisation procedure that uses a "genetic algorithm" (Gallagher and Sambridge, 1994) , with the fission track age and length distribution as constraints. The obtained AFT ages of the Variscan basement rocks are all younger than the crystallisation age of the granitoids. AFT ages range from 214+-28 to 10.6+ -1.5 Ma, with mean track lengths between 10.6 um to 13.9 flm. In the entire data set, there is only one sample with a mean track length above 14 J.lm, indicative of a single fast cooling event through PAZ. All sampled sediments yield AFT ages younger than or similar to their stratigraphic age with a low mean track length, indicating a thermal overprint after deposition. There is no simple relation between mean track length and AFT age, just as there is no general correlation between elevation and AFT age. The lack of a straightforward correlation is not Wlique and may be the result of multiple denudation events as discussed in detail by Fitzgerald and Stump (1997) . However, the complete lack of any correlation in the Central System between age, length and elevation, suggests differential movement and denudation of individual tectonic blocks.
To obtain information on the denudation history of the range, three profiles with an elevation difference of 1020 to 1980 m were sampled (De Bruijne and Andrieessen, 2002) (Fig. 18 ). The advantage of the "elevation-profile approach" is that it allows tighter constraints to be placed on the timing of onset and rate of exhumation. However, to be able to date tectonic or denudational events, the rack column that moves through the PAZ during a single event has to be sufficient to uplift and/or freeze at least an entire PAZ.
Another requirement is that a profile has to be sampled in a single tectonic Wlit. UnfortWlately, this was probably not the case in the sampling of the Central System.
Two of the three analysed elevation profiles show considerable disturbance (De Bruijne and Andriessen, 2002) because discrete denudation events were too small to expose or freeze an entire P AZ, in order to reveal its age or deduce proper denudation rates. In any case, uplift of the southern Gredos pop-up amoWlts to more than the present day elevation difference, indicating that the vertical movement along the southern border thrusts would amount to about 2.6 km. The age of this uplift must be younger than 20 Ma (the youngest apparent AFT), as evidenced by the mean track length of the YOWlgest samples which reveals residence within the PAZ before being uplifted. Therefore, the age of the rock uplift cannot be determined from these elevation profiles, because the magnitude of denudation was not enough to expose rocks that could date the vertical movements of the tectonic Wlits, i.e. rocks from below the partially exhumed paleo-PAZ. To reveal the age of this uplift and the apparent complex cooling history involved, modelling of AFT data from individual samples is the best approach. Modelling thermal histories from AFT data and interpreting the results demands a somewhat cautious approach. A statistically well-fitting modelled history is never Wlique. Episodes of cooling prior to reheating are not well recorded by fission track data for those temperatures lying below the maximum temperature of the reheating event. This is because the fission tracks formed during the period of cooling are partially or totally armealed during the reheating period. As a consequence, no distinction can be made between residence at a certain temperature and cooling followed by reheating, when modelling a thermal history, except when geological information is available. Modelled thermal histories from AFT data results of single samples might vary considerably within one area and therefore differ from the elevation-profile approach which is usually confined to a discrete tectonic block. To prevent over-interpretation of the modelling results and to discern regional trends, modelled accelerated cooling events were grouped by time, since they are indicative of a sudden change in denudation and/or tectonic activity. In order to distinguish between slow cooling and periods of accelerated cooling, a bOWldary was arbitrarily placed at 2 °C Ma 1 Although this is not an especially rapid cooling rate, the emphasis here is on the sudden acceleration of the cooling ratio. Possibly, in other study areas, this boundary should be assigned to a different ratio. Cooling rates ofthe modelled accelerated cooling events range from 2 to 59°C Ma t, with an average of 16°C Ma 1 and an estimated error of about 20%. In the Central System most accelerated cooling events can be grouped in four periods (De Bruijne and Andriessen, 2002 This last very recent cooling event is revealed by all samples from the Eastern Sector, except the northern and southernmost ones. Most of this cooling occurs in the Pliocene to the present day. In the Western Sector, only the two lowennost samples reveal this Pliocene to present day cooling event.
The two youngest samples from the Guadarrama show a Middle Miocene accelerated cooling event before the YOWlgest cooling, something that is also detected along the NE-SW trending Plasencia fault opt ..... (Figs. 2 and 3) . The Southwestern Gredos and San Vicente pop-ups show more or less continuous cooling (0.5-1.3 C Ma 1) throughout the Tertiary. The only sample from the western Gredos that reveals accelerated cooling in the Tertiary is the lowennost sample in this area, sampled close to the southern thrust of the Gredos (Fig. 13) .
Paleostress analysis
Cenozoic Paleostress characteristics in the Central System, deduced from fault populations and brittle microstructures analysis, can be explained by a single tectonic event with NNE (N155E) oriented maximum shortening direction (De Vicente et aI., 1996) , although westernmost and easternmost parts of the considered area show solutions closer to N-S compression (Rodriguez Pascua and De Vicente, 1998; Elorza et aI., 1999) (Fig. 19) .
This paleostress field was thought to be Middle Miocene (De Vicente et aI., 1996) , but taking into acCOWlt the new dating of deformation from the previous section, it has become clear that during the OligoceneLower Miocene, NE-SW striking thrusts structures of the Central System were also active (Segovia, St a M a la Real de Nieva, Honrobia, Sepulveda, Sierra de la Pela). In a more general frame of far-field paleostress reconstruction during the main Pyrenean collision event throughout central Iberia (Oligocene-Lower Miocene), important curvatures can be deduced in paleostress trajectories (Figs. 19 and 20) , since the AltomiraRange was thrusting to the W (in this case, with a related E-W compression) (Mufioz Martin et aI., 1998) . This stress pattern has been interpreted as the result of constrictive conditions related to a neutral stress point situated on the Iberia interior (De Vicente et aI., 2005a,b) , with Africa-Iberia plates mechanically coupled (Vegas et aI., 2005) .
Taking into acCOWlt the stress inversion solutions, the appearance of strain-stress partitioning inidicative for Wliaxial compression is evident and is related to pure thrusting and pure strike-slip with the same 0"1 direction, which is also clear on a macrostructural scale (Figs. 2 and 3) . This is shown in many cases as intermediate tensorial solutions (Fig. 21) , analysed with sample replacement techniques (Reches et al. , 1992) , which have an interchange tendency between 0"3 and 0"2 ( Fig. 21 , B, D Central System. Nevertheless, partitioning with normal NNW-SSE faults, related to extensive stresses, also occurs (Fig. 21 A) .
Constrictive deformation conditions can be also deduced from tensorial paleostress solutions, with horizontal interchanges between 0"1 and 0"2 (Fig. 21 C) . In this situation, local NE-SW compression can be recorded. These solutions can be attributed to conditions oflocal deformation (see Fig. 12 for the key area).
These stress trajectory bends are obvious at the SE edge where a large arched structure occurs, indicating tectonic transport towards the SSE (Figs. 3 and 8A) . With this configuration, constrictive conditions appear at the intersections between the thrusts and the lateral ramps, giving rise to triaxial compressions that can locally present a NE-SW oriented 0"1 (Fig. 22) (Olaiz et aI., 2004) .
This does not necessarily imply the interference with an "Iberian" NE-SW paleostress field as has been suggested for the Iberian Chain (Sim6n-G6mez, 1989). In these more constrictive areas, the deformation in the basement metamorphic rocks is very intense with the development of metric folds (F ig. 12B). At the axis of the arched structures, tensorial solutions are usually close to NE-SW Wliaxial extension. This favours the development of small depressions (perpendicular to the main thrusts) where post-or syntectonic alluvial fan apexes are rooted (F ig. 8). The location of these thrusting arched fuults is determined by the Variscan
'. ,~··· "· l¥?!1""'kf>0' mechanical structure. This way, the presence of granites surroWlded by metamorphic rocks in the trace of an important fault produces a structure such as the one described (see Diego Alvaro Tbrost in Fig. 3 ). In these more homogeneous rocks, thrusts usually nucleate at the borders, while in the interior, strike-slip faults and shear stresses develop. This rheology-induced partitioning also occurs in Variscan anticlines, where there are outcrops of Precambrian ortogneisses enclosed by slate materials (Fig. 8) . NE-SW and NW-SE extensions are also very common in granites at the hanging wall of main thrusts (Gutierrez E10l"Za, 2(05). In these situations it is normal to record simultaneous stress tensor solutions in the same station analysis, like those described in Fig. 21 A, B . This last type of Wliaxial extension, with NW-SE horizontal er3 , is mechanically incompatible with NW-SE compression. It can be interpreted as a lateral extension in of the NE-SW compressive structures. This situation is clear in the Tagus Basin "bulge" today, as described before. Though some authors have proposed left-lateral strike slip movements in the S Central System border during the Paleogene (De Bruijne, 200 I), there is no clear record of paleostress Single solutions of the stress axes during this episode. Though the deformation seems to have begun earlier in the Western Sector in relation to the Pyrenean foreland, the N80E striking thrust that connects the S Gredos edge with the Tietar pop-down shows Pliocene movements (De Bruijne, 200 1) (Fig. 13B) .
During Upper Miocene-Pliocene "betic" rejuvenation, a more general (with no local bends) NW-SE compression developed. Related paleostress can be deduced from fault populations on Upper Miocene sediments . This stress field can be directly related to present-day active tectonic stresses. Associated deformation conditions were less constrictive while present day stresses show uniaxial extension that activates mainly strike-slip and normal fuults (De Vicente et aI., 1996; CSN, 1998; Herraiz et aI., 2000) .
In any case, there is a risk of oversimplifying the evolution of the tertiary deformations in the Central System by concentrating on thrust orientation and related tectonic transport (pyrenean E-W, and Betic NE-SW) as mentioned. Constrictive conditions in the stress tensor can be enough to activate thrusts striking in a large span of directions as mentioned above. It is also true for main structures that cut the whole upper crust.
Fau lts
Single solutons of the stress axes R 1,2,3 Bootstrap This appears to have been the case in the Central System during most of the Cenozoic.
Instrumental seismicity
Between N41.85-38.75 latitude and E2.03-6.82 longitude, that is, the Central System (SomosierraGuadanarna-Gredos), the S Duero Basin and the entire Tagus Basin, 463 earthquakes have been registered (instromentally) since 1961. Most of these (442) have been registered since 1986, when there was a notable increase in detectability by the Spanish National Seismic Network. Between 1996 and December 2004 , 347 earthquakes occuned (70 during 2004 (Fig. 23) .
On the whole, seismicity can be considered as low to medium. The highest measured magnitude was 5.2 (2-10-1961) (12-25-2004, M 1. 7) . Two earthquakes with a magnitude of 4.1 stand out (6-30-1979 and 2-23-1982) . Seismic crises with activity that lasts for periods of several days (less than one month) are relatively frequent: there were 10 earthquakes between August 9th and 16th 2001 with a maximum magnitude of 3.6, and 12 earthquakes between April 9th and 25th 2002 including two magnitude 3.2 earthquakes. There were also shorter crises such as the eight earthquakes, the highest with a magnitude of 2.8, that occuned on March 21st 1999. The range of depth is wide, reaching up to 20 km (6-4-1969) . There is evident concentration, limited by the Henares and Tagus rivers valleys, coinciding with the Pirramo marl Fm outcrop (Upper Miocene), although the most evident epicentral alignments are located in accordance with NW -SE trends. In the Loranca (or Intermediate) Basin one of these alignments seems to limit the bulge activity toward the east, with relatively large earthquakes at depths of around 15 km. To the N of the Henares river valley a shadow area, reaching the Central System Southern Thrust, can be detected, coinciding with the northern flank of the bulge, which would support the idea of a Plio-Quaternary reactivation of this structure (deformation is concentrated on the hinge) (Andeweg et aI. , 1996) . Paleoseismic evidence is abundant in the Quaternary terraces of the Jarama, Tajufia and Tajo rivers, where injections of sand dikes are observed (Fig. 24) (Giner et aI., 1996) , indicating important seismic tremors (M> 5 .5). At surface level, and coinciding with the axis of the forebulge, numerous normal NE-SW faults appear, affecting the Upper Miocene materials which may acCOWlt for the current NE-SW grabens morphology of the area. The related
• strain has been interpreted as an extension upwards of the non-longitudinal [mite deformation surface of the bulge (De Vicente et aI., 1996) . This idea seems to be confmned by the calculated focal mechanisms of the area; even though they do not present a high quality in the solution determination, they show the simultaneous presence of pure NE-SW (NW-SE extension) trending normal and reverse (NW -SE compression) mechanisms (Fig. 23) .
Between 1984 and 2004 seven epicentres were located along the S border thrust of the Central System, with magnitudes of around 3 and shallower depths than those of the previous structure (9 km maximum, 17-11-1995) and an apparent W-E migration during the registration period. Similar earthquakes have been registered on the S border of Gredos since 2001. Given the size of the fault, which cuts into the whole upper crust, seismic activity is clearly scarce. Pal eoseismic evidence is less than in the previous structure, although locally there are tilted Paleocene materials and faulted Pliocene alluvial funs.
, . . ~ , . : .. (1996) , and Rueda and Mezcua (2005) . (in gray).
The El Escorial fault system (Fig. 3) presents similar activity, with earthquakes of M<3 and depths less than 9 km. The western part of the Lozoya pop-down registered four earthquakes during 1999 (1-12, 4-18, 9-17 and 9-18) with the same order of magnitude as the ones registered in the El Escorial fault system. The N Somosierra border also registered two very shallow earthquakes on 10-13-2000 (M2.l and 2.3) .
The seismic series of the Durat6n River and of Navalmoral de la Mata during 2003-2004 are more interesting. The first series appears to be rooted on the lateral ramp of the Sepulveda-Honrubia imbricate thrusts system, with a NW -SE trend (although N-S epicentral alignments can also be traced) along the course of the Durat6n river. The series consists of 19 earthquakes that began 1-18-2003 and appeared to finish on 6-19-2004 . The largest earthquake in the series took place almost at the end, on 1-30-2004 (M 3. 3) with a depth of 6 km. The Navalmoral de la Mata series, in the SW structural continuation of the San Vicente popup in the Toledo Mountains (Fig. 2) , consists of 18 earthquakes between 3-5-2003 and 5-31-2004 . Although the magnitudes were relatively low (around 2, w the highest being the first one at M2.2), nucleation was clearly on the Navalmoral monoc1yne ramp, with a NE-SW trend, and on the N lateral ramp, oriented NW -SE, that constitutes the limit with the Campo Arafiuelo subbasin. The close proximity of some important dams in both areas does not exclude the possibility that these series were induced by a relatively rapid rise in water level in the close reservoirs.
The Guadalupe Ramp (Figs. 2 and 14) mimics the layout of the S border of the Central System, and the same thing seems to happen with the distribution of seismicity. Nine earthquakes have occurred along the thrust, similarly spaced to those located on the S edge of the Central System, the largest with M 3.5 (12-17-1993) , and concentrated mainly during 2002, so they precede the Navalmoral series just to the N. In the relative bulge (Vegas Bajas del Guadiana) (Alvarez et aI., 2004) earthquakes deeper than those in the main thrust (up to 13 km) have taken place, with magnitodes close to 2.5, one in 1988, another in 2003 and the rest (4) during a small crisis between August and October, 1996.
However, the best example of instrumental seismicity nucleation on a "very" active fault system during the Cenozoic, is the Muelas del Pan series (Anum, 2003) on the SW border of the Duero Basin (Fig. 23) . Although a M 4.S earthquake was recorded at the beginning of the registry period (12-22-1961) -23-2003 and M 3.6 on 7-27-2003) . The epicentres join at the easternmost end of the Vilariya-Braganza fault system, which has a NI 0-20E trend, and is considered as active in the Portuguese Neotectonic map (Cabral and Ribeiro, 1990) . Seismicity was concentrated between January and March, 2003, on the NI SE Muelas del Pan fault, but later on it affected other similar structures, including the Duero fault near the Portuguese frontier, and even reached the borders of the Sierra de Gata. This fault system allowed the transfer towards the S of the deformation from the western end of the Pyrenees (Cantabrian Mountain range) to the Central System (Vegas et aI., 2004 ) with a strike-slip left-lateral movement. The implementation of the IAG focal mechanism calculation of seismic moment tensor solution from 1997 (Stich et aI., 2003) , for M>4 earthquakes allows the focal mechanism of the largest two earthquakes to be calculated: These are ahnost pure strike-slip fuults with one nodal plane oriented NNE (with left-lateral movement). The neotectoruc evidence from the area (pefiausende fuult) (Ant6n, 2003), as well as that from Portugal, leads us to consider the entire Vilariya-Braganza fault system as moderately active within the Duero Basin, from the Atlantic coast as far as the Zarnora longitude (N Portuguese-Galician Fault System) (De Vicente and Alvarez, 200S) .
To the W of the area described in detail, the continuation of the Centml System, the Estrela and Montejunto ranges (F ig. 2) as far as the Atlantic coast, already shows some instrumental seismicity characteristics that are similar to those already analysed. The absence of earthquakes related to the Ponsul thrust (N Moraleja Basin, Mo in Fig. 2) , where there is evidence of Quaternary activity should be pointed out. In the Serra da Estrela, seismicity distribution seems to indicate a higher relationship with the Vilari,a-Braganza fault system, not with its NE-SE thrust fuults. The MontejWlto range, however, presents a greater earthquake concentration.
As a conclusion, instrumental seismicity is being nucleated on faults that have moved during the Cenozoic in relation to far-field "betic" stresses. Because of the size of some of those faults, and from paleoseismological evidences, large earthquakes cmmot be excluded aroWld the Central System.
Discussion and conclusions
Record oJ intraplate deformations
In the context of plate convergence, the main cause of shortening in the Central System, one can compare the erosion-sedimentation and apatite fission-track data with the nature of the stress-transmissions from the plate bOWldary. Precisely for this reason the idea of Iberia as an almost ideal Natural Tectonic Laboratory can be explored (Fig. 20) .
During the fIrst stage-from initiation of deformation up to the building of the mountainous range-relatively fast N -S convergence is accommodated in the inherited (Mesozoic or earlier) faults or crustal weakness-zones (Variscan discontinuities) probably by means of limited transcurrent movements with subordinate vertical displacements (Figs. 25 and 28) . As the lithospheric coupling between Eurasia and Iberia increases at the plate bOWldary, strain appears to be more concentrated in the favourable and conspicuous N30-40 and N60 faults delineating the future main blocks of the chain. This stage culminates in the Pyrenean collision and subsequent blocking of convergence at the N plate bOWldary. As a result of this collision, a reduction in the rate of convergence, as well an intraplate concentration of the deformation, can be predicted (Cloetingh and Burov, 1996) . In this context, the deformation is concentrated on the southern part of the Central System, probably due to the existence of a weaker zone in the crust related to the present-day southern main border thrust of the Central System. This "slow" convergence continues Wltil the onset of a new stage of deformation in the Upper Miocene-Pliocene .
During this second stage, the N130 convergence causes the renewal of activity in fault zones that do not exactly coincided with those of the previous stage. The concentration of deformation along these fault zones can be tentatively ascribed to the size of the crusta! structures and to a corner effect in the zone of interference between the Iberian Chain and the Central System (F ig. 27).
Cenozoic topography evolution of central Iberia appears to be the result of far-fIeld tectonics. Every single deformation event nucleates on faults inherited from previous stages, producing multiple reactivationrejuvenation of faults which are also seismically active nowadays.
Lithospheric folding
The formation of this striking foreland mnge can be described as the evolution of a small-radius lithospheric fold having a marked effect on both the brittle and ductile parts of the crust (Cloetingh et aI., 2002) . This lithospheric fold forms part of a wide region that extends from the Pyrenees to the Anti-Atlas of Morocco, and outlines a sort of soft interface between the more rigid Eurasian and African crusts. Within this intermediate zone, the Tertiary Africa-Eurasia convergence, and hence the crustal, lithospheric shortening, is accommodated by means of: a) inversion of Me so zoic extensional structures, b) basement uplifts or c) a combination of both tectonic processes. The Central System corresponds to type b) and, as stated above, it is a crustal fold that can be considered as a lithospheric fold whose surface expression is a basement uplift (CSN, in press) (However geophysical data has not enough resolution to demonstrate this interpretation) (Fig. 29) If one assumes that the bulk lithosphere deformation is caused by plane strain, the Central System can be described as a result of buckling of the entire crust. In this perspective, shortening in the brittle upper crust may cause the development of a crusta I-scale thrust, at one border of the lithospheric anticline, which explains the positive arching of the topography and the accommodation of the upper-crust shortening (e.g. Sokoutis et aI., 2005) . In contrast, the more ductile lower crust assumes the accommodation of shortening in the center of the crustal anticline in a pure-shear mmmer, perhaps due to a space problem. This can indeed explain the relative thickening of the lower crust and the negative topography of the moho (F ig. 5C).
The history of deformations in the Central System as a guide to the interpretation of the deep chain structure
Although, as previously mentioned, good seismic data showing the deeper structure of the Central System is not available, the integration of gravimetric data ( Fig. 7) with patterns of sedimentary filling and the AFT throughout the Cenozoic (Figs. 25-28) all the Cenozoic, the northern deformation appears more dispersed and with anonnal sequence ofthrosts towards the relative foreland (the Duero Basin) (F igs. 25 and 26) . This model is valid up to the Lower Miocene so we can therefore consider the Centml System, together with the Iberian Chain, as the main range of the Pyrenean foreland.
This asymmetry in the deformation is also evident in tectonic cartography (Figs. 2, 3, 8 ) and structural observations in the field. Along the entire trace of the S throst, the structure lying immediately to the north is a backthrust. In the eastern and western sectors this pattern is established by the construction of an extensive narrow pop-up, while in the tmnsition zone, where imbricated thrust systems are more common, a number of retrovergent thrusts appear with tectonic transport in the opposite direction to the S throst (in the Tortuero zone) (Figs. 8 and 11 ) . This feature corresponds exactly to the concentration of strain at the southern border of the upper-crust primary anticline and to the subsequent main rupture that reaches the Moho (Fig. 5C ). Alternatively it may represent the strain localization at a pre-existing main crustal fault. Whatever the origin, the overall configuration of the crust resembles the models described for some intelpiate mountain chains (Fig. 7 , Profile A) (e. g. Beaumont et aI., 2000) . However, the surface asymmetry of the interplate collisional chains, showing the classical distribution of forward-and back-thrusts (e.g. Alps and Pyrenees), is clearly related to the lithospheric subduction at depth. In these mountain belts, geodynarnic and analogue models indicate that the asymmetry in surface deformation is caused by the dynamics of lithospheric convergence at greater depth (e.g. Beaumont et aI., 2002) . In this context the observed convergence at depth can be interpreted as a southward dipping imbricate thrust system below the southern border, resulting in localized "back thrusting" at the southern border fault, and more distributed forward thrusting at the northern side. This model has been adopted in the gravity profiles (Fig. 7) .
In this context, the Southern Border results in a structural model that represents a zone of strain localization along which deep "back" thrusts develop, whereas the northern border is made up of shallow "forward" thrusts. It should be remembered that this crustal configuration fits to the large-scale topography of this intraplate mOWltain chain.
Paleo-topography evolution
The gmvity models show a clear difference between profiles A and B (Fig. 7) , in terms of average Moho thickness and the thickness of (mainly Tertiary) sediments bordering the Central System. In the Western profile (B) the average Moho depth is larger than in the Eastern profile (A) (F ig. 7). Comparison of the gravity maps indicate that this transition can be traced and is oriented NNW-SSE parallel to the Variscan macrostructure, corresponding more or less to the border between the western sector (Gredos zone) and eastern-transition sectors (Somosien,,-Guadarrama zone) (F ig. 3). TI,e transition is overprinted by the border fault activity, erosion and sedimentation in the Tagus and Duero Basins. Conspicuously, the Tagus and Duero Basins flanking Gredos (profile B) are marked by much shaUower infilling of sediments compared to the Tagus and Duero Basins flanking the Guadarrarua (profile A). It is tempting to argue that erosion and sediment infilling are fully controlled by varying degrees of border fault activity. However, we will show below that the transition of Teltiruy sediment thickness must be largely attributed to significant pre-existing topography (Mesozoic) in ti1e Variscan massif, which plays a key role in the distribut.ion of sediments eroded from the Central System.
ll1ere is very little evidence of regional features in the peneplained post-Variscan surface, apart from some "local" irregularit.ies, mainly due to the different resistance of rocks to erosional processes (e.g. Martin Serrano, 2(00). Nevertheless, on a peninsular scale and prior to ti1e main Tertiary mountain building in the interior of the fberian Variscan Massi£: an area emerging appears to have existed during Mesozoic times between the Atlantic Portuguese margin and the arrested rift that later became the Iberian Chain. The main divide, the culminant "highs", oUght to be placed somewhere in this intelmediate emerged "Variscan" area. This inherited pre-Teltiruy landscape prefigured an ancestral Atlantic drainage ti1at was nuncated by the emergence of Teltiruy mountains, resulting in tectonic activity along the Vilari,a-Bragan,a fault corridors (Cunha et aI., 2000; De Vicente and Alvarez, 2005) .
Geological studies show that west of the aforementioned east-west gravity transition, no sedimentation occurred during the Mesozoic, whereas east of this transition the Tagus and Duero Basins and Central System were covered by sediments related to Iberian Chain rifting (Van Wees et al., 1998) . As reflected by the westward tennination of Upper Cretaceous sediments, which are widel y present in the east, the paleotopography was high enough to remain elevated during the Cretaceous sea-level high, rising at least 100 m higher tl1311 the lowest Tertiary level. Assuming local isostasy, we can estimate the paleotopography above lOO m fi·om ti1e "residual topography" which accounts for the aruount of topography that carmot be explained by local isostasy (c.f. Gaspar-Escribano et aI., 2001 ) . The residual topography is calculated from observed Tertiary sediment tltickness and observed topography in the Tagus and Duero Basins, assuming that no crustal defolmation (thickening) occurred in the Cenozoic basins during deposition (cf. Gaspar-Escribru10 et aI. , 200 I). In a local isostasy assumption:
Where Topor is residual topography, sed is cenozoic sediment thickness, p,,,, is sediment density (2300 kg m ' ), Pmantle is mantle density (3300 kg m ' ). Values for residual topogmphy are consistently positive in the western prut (Fig. 15) , whereas tl1ey are close to zero in ti1e east, and would be negative close to the border faults (due to downward flexure (see also Van Wees et aI., 1996) ).
From the interpretation of positive values of residual topography as Mesozoic paleo-topography it is clear that there is a residual topography of ca 200-300 m in the westem part of the Tagus Basin, and higher magnitude paleo-topogmphy, up to 800 m, in the westem prut of the Duero Basin. The interpreted paleo-topography is consistent with increased regional crustal thickness (excluding sediments) interpreted in the gravity profiles (Fi g. 7) measuring up to ca 33 km in the west versus ca 30 km in the east. The existence oflhis aruow1(ofpaleotopography may very well explain the remarkable features of the distribution of eroded sediments through time. During the Early Tertiary, when the Central System was uplifted, sediments were transpOlted from the westward topographic highs to tI,e lows in the east . As the Tagus and Duero Basins became discOlmected from the Meditenaneall and Atlantic, the eastem parts gradually overfilled causing a levelling of tl1e topography in the western and eastem basins. At a later stage, caused either by more intensive tectonics in the east (most likely), or more intensive drainage in the west (less likely), a reversal of the topography took place, finally giving way to Atlantic drainage of the Tagus ru1d Duero Basins (Fig. 27) .
Nevertheless, the roles of inherited Mesozoic topography and the Moho paleodepth controlling the cnastal Central System structure are not yet fully understood. As mentioned earlier active crustal thickening is not fully limited to ti1e Central System (especially towards tl1e west) and may influence ti1e results.
Quaternary and active tectonics
There is abundant evidence of large-scale folding, tilting and widespread faulting within ti1e Miocene, Pliocene and Quaternary deposits filling ti1e Madrid Basin (Fig. 24) , but very little in the nOlthem Duero Basin (e.g. Gracia et aI. , 1991) . Miocene to Quaternary tectonics to the south of the Central System are mostly related to the amplification and propagation of the "forebulge" from the Middle Miocene (i.e. Vallesian, c.a. 10 Ma ago), which implies the occurrence of brittle tectonics along the NE-SW trending forebulge edge. Central System became limited to relatively thin piedmont systems: Arkosic ramps (Glacis-type) from the granitic sector of Guadarrama (Vaudour, 1979; Silva, 1988 ) and large alluvial fans ("Rafias") from the metamorphic sectors of Somosierra and Gredos (perez Gonzalez, 1994) . These piedmont systems merged distally to the initial fluvial system bordering the northern margin of the forebulge (Henares-JaramaTagus edge).
Ongoing Quaternary activity along the forebulge margins is highlighted by the record of normal faulting, backtilting and soft-sediment deformations (some of a paleoseismic nature) within the fluvial archives of the Jarama, Tagus and Manzanares rivers at basin centre locations (Giner et aI., 1995 (Giner et aI., , 1996 Silva et aI., 1997; Silva, 2003) , as well as by the generation of anomalous U-Shaped linear valleys flanked by relevant gypsum escarpments more than 40-60 m high and c.a. 7-10 km length, especially from the Middle Pleistocene (Giner et aI., 1996; Silva et aI., 2003) . Cliff sections of many rivers expose hanged (c.a. + 100 to +60 m) fluvial deposits of Late-Middle Pleistocene age. During the Middle Pleistocene the development of gypsum escarpments promoted the reorganization of the intrabasinal valley network, leading to the occurrence of relevant fluvial captures and the formation of large-scale abandoned valleys (Silva et aI., 1988a; Perez Gonzalez, 1994) . It was at this time that the Tajufia river valley (a tributary of the Jarama) eventually developed (Silva et aI., 1988b) as a fluvial line dissecting the up-warped axis of the Tajufia Anticline, facilitated by brittle deformation structures which originated along the forebulge edge (in fact, an anticline valley) (Fig. 27 ).
The Holocene situation is similar and nowadays seismicity occurs along the fore bulge margins (Fig. 23) supporting the ongoing activity of this structure. However, the southern thrust of the Central System and the Iberian Chain border (East) also displays seismic activity revealing on-going continuous deformation at both basin margins.
This paper emphasizes the utility of intraplate deformation concepts in order to explain the building up of a relatively well-studied mOWltain chain situated amid a broad intracontinental plate boundary. In this context, the described tectonic features permit a coherent scenario for the recent topographic evolution, as well as for the onset and evolution of the drainage system, in the central part of the Iberian Peninsula. Moreover, the tectonic model here presented represents a contribution to the understanding of the complex landscape that characterize the broad region, comprised between the Pyrenees and the Atlas System, pertinent to the Africa-Europe complex zone of plate interaction.
We consider also that this integration of independent tectonic and geomorphic studies can contribute in a great extent to the knowledge of the recent evolution of other intraplate areas.
